Bacteria use small diffusible molecules to exchange information in a process called quorum sensing (QS). An important class of quorum sensing molecules used by Gram-negative bacteria is the family of Nacylhomoserine lactones (HSL). It was recently discovered that a degradation product of the QS molecule 3-oxo-C 12 -homoserine lactone, the tetramic acid 3-(1-hydroxydecylidene)-5-(2-hydroxyethyl)pyrrolidine-2,4-dione, is a potent antibacterial agent, thus implying roles for QS outside of simply communication. Because these tetramic acids also appear to bind iron with appreciable affinity it was suggested that metal binding might contribute to their biological activity. Here, using a variety of spectroscopic tools, we describe the coordination chemistry of both the methylidene and decylidene tetramic acid derivatives with Fe(III) and Ga(III) and discuss the potential biological significance of such metal binding.
The Fe(III) and Ga(III) coordination chemistry of 3-(1-hydroxymethylidene) and 3-(1-hydroxydecylidene)-5-(2-hydroxyethyl)pyrrolidine-2,4-dione: Novel tetramic acid degradation products of homoserine lactone bacterial quorum sensing molecules 
Introduction
The ability of a population of unicellular bacteria to communicate with one another has enabled bacterial populations to act in a manner similar to multicellular organisms. This process, known as quorum sensing (QS), is mediated by the intercellular exchange of small, diffusible chemical signals called autoinducers [1] [2] [3] [4] . These chemical signals have traditionally been classified according to structural similarities and the Gram classification of bacteria that respond to them. For example, Gram negative bacteria use N-acylhomoserine lactones (AHLs), whereas Gram-positive bacteria produce and respond to oligopeptides. As bacterial population density increases, the concentration of these autoinducers increases accordingly. Thus, upon reaching a threshold autoinducer concentration, bacteria coordinate gene expression and behave as a unified group. While this phenomenon is beneficial for the bacterial population, it often comes at the expense of human wellbeing, as QS regulates such processes as iron uptake, swarming, biofilm formation, and the production of virulence factors [5] [6] [7] .
AHL-mediated QS is particularly important in the pathogenesis of the important human pathogen Pseudomonas aeruginosa, which possess a complex QS system. Two AHLs, N-3-oxododecaonyl homoserine lactone (3-oxo-C 12 -HSL) and N-butrylhomoserine lactone (C 4 -HSL), Fig. 1 , play significant roles in the QS of P. aeruginosa [3] . The action of these signals regulates genes responsible for encoding enzymes such as elastases A and B, catalase, and superoxide dismutase as well as controlling biofilm formation and the production of other virulence factors [8] . P. aeruginosa is an opportunistic pathogen in humans, and is the most common Gram-negative bacterium associated with hospital-acquired infections [9] . Particularly notorious is the role of P. aeruginosa in infections of the lungs of cystic fibrosis patients, where lung defense systems are severely impaired [10] . After initial lung colonization, P. aeruginosa forms biofilms and, once formed, these biofilms are rarely cleared from the lungs of CF patients and the patients often succumb to the infection [11] . P. aeruginosa infections are also problematic in immunocompromised patients suffering from diseases such as AIDS and neurotropic cancer, as well as burn victims [12] [13] [14] . Regrettably, the increasing prevalence of antibiotic resistance in P. aeruginosa further exacerbates these problems [15] .
Emerging research has demonstrated that QS not only assists P. aeruginosa in establishing infections by allowing for communication, but the QS signals themselves exert deleterious effects on mammalian cells. For example, 3-oxo-C 12 -HSL affects the innate immune response via modulation of the transcriptional activity of the central regulator of gene expression in the innate immune system, NF-κB [16] [17] [18] [19] . Furthermore, 3-oxo-C 12 -HSL has also been demonstrated to induce apoptosis in human breast cancer cells [20] , macrophages, and neutrophils [21] . Recently one of us (KDJ) demonstrated that N-(3-oxododecanoyl) homoserine lactone performs a previously unrecognized role: the autoinducer itself and the corresponding tetramic acid degradation product (Fig. 2) derived from an unusual Claisen-like condensation reaction, also function as innate bactericidal agents to possibly provide a competitive advantage in mixed species environments [22, 23] . The tetramic acid degradation product, 3-(1-hydroxydecylidene)-5-(2-hydroxyethyl) pyrrolidine-2,4-dione (C12-TA), also tightly binds essential metals such as iron, possibly providing a previously unrecognized primordial siderophore.
The competition for iron is particularly intense in the human body, where iron availability is limited by both solubility and host iron storage mechanisms [24, 25] . As such, bacterial pathogens depend on siderophores (low molecular weight chelating agents with extraordinarily high affinity for Fe(III)) to obtain iron, and P. aeruginosa employs two such molecules: pyochelin and pyoverdin [24, 25] . Thus, because of the capacity of C12-TA to bind iron, we hypothesized a role for C12-TA in the iron acquisition of P. aeruginosa.
While the tetramic acid ring system has been known since the early 1960s to be a key structural element in various natural products [9] and that the 3-acyl substituted rings provide metal binding capacity, the coordination chemistry of these species has been surprisingly little studied [27] [28] [29] . Probably the best studied system is the fungal metabolite, tenuazonic acid where the coordination chemistry with Cu(II), Fe(III), Ni(II) and Mg(II) has been partially explored and a crystal structure of the Cu(II) complex reported [30, 31] .
Here, using a variety of spectroscopic tools, we describe the coordination chemistry of the decylidene tetramic acid degradation product derived from 3-oxo-C 12 -HSL, as well as a methylidene analog, with Fe(III) and Ga(III) and discuss their potential biological significance.
Materials and methods

Potentiometric and spectrophotometric titrations
Standard carbonate-free solutions of KOH were prepared from Baker "Dilut-It" ampoules using boiled, purified water (i.e., 18 MΩ resistance; MilliQ) and were stored under Ascarite™ scrubbed argon. Base solutions were standardized with KHP to the phenolpthalein end point. The absence of carbonate (b2%) was confirmed by Gran's plots [32] . Iron solutions were purchased from Fluka (FeCl 3 ·6H 2 O in 4% HCl) and the exact iron concentration determined by EDTA titration with Variamine Blue as an indicator. Excess acid in the iron solution was determined by passing an aliquot through a well-washed sample of the acid form of AG 50W-X8 cation exchange resin (Bio-Rad) and titrating the liberated acid. The excess acid was the difference between the total acid and three times the known iron concentration. Spectrophotometric and potentiometric titrations were performed in a jacketed, titration vessel connected to a constant temperature water bath and held at 25.0(1)°C. Ionic strength was fixed at 0.1 M with NaCl. Hydrogen ion concentration was measured using a Mettler-Toledo DL50 titrator connected to a Mettler-Toledo DG111-5C combination electrode which was standardized with a three buffer sequence and corrected (as needed) to read the negative log of the hydrogen ion concentration directly using dilute HCl solutions. Titrant was added to the cell, which was kept under a blanket of Ascarite™ scrubbed argon gas. Ligand protonation constants were determined from the nonlinear refinement of a) the potentiometric titration data using the program PKAS developed by Martell and Motekaitis [33] or b) by NMR titration at 400 MHz in D 2 O. For the NMR titrations the pH was adjusted using NaOD (2.0 M) as a titrant and meter readings in D 2 O were corrected by adding 0.44 to obtain values of pD [34] . NMR titration data were fitted to a single pK a equilibrium using SigmaPlot 10.0. Spectrophotometric titration data were analyzed via nonlinear least squares refinement using SigmaPlot 10.0.
Physical measurements
Routine electrospray-ionization mass spectrometry (ESI-MS) was performed by direct injection on an Agilent LC/MSD Trap XCT Plus mass spectrometer. Isotope distribution patterns were simulated using the program IsoPro. NMR experiments (i.e., 1 H, 13 C, DEPT) were run at 30°C in D 2 O containing 0.03% DSS on either a Varian 400 or 600 MHz NMR spectrometer using standard pulse sequences obtained from the VnmrJ™ software (v. 2.2c). UV-visible spectra were recorded using a Cary 50 UV-vis spectrophotometer under PC control using the Cary WinUV software. Cyclic voltammetric experiments were conducted using a BAS (Bioanalytical Systems Inc., West Lafayette, IN) Epsilon voltammetric analyzer. All experiments were done under argon at ambient temperature in solutions with 0.1 M NaCl as the supporting electrolyte. Cyclic voltammograms (CV) were obtained using a three-electrode system consisting of Pt working, platinum wire auxiliary, and SCE reference electrodes. Potentials are reported versus the Ag/AgCl (KCl saturated) couple (197 mV vs NHE). Solution magnetic studies were carried out by the Evans method in Wilmad coaxial NMR tubes at 600 MHz using water as a solvent and t-butyl alcohol as the internal standard.
For Mössbauer spectroscopy solutions were transferred into Delrin® sample holders, frozen in liquid nitrogen, and kept at this temperature until measurement except for overnight transport on dry ice. The Mössbauer spectra were recorded in the horizontal transmission geometry using a constant acceleration spectrometer operated in conjunction with a 512-channel analyzer in the timescale mode. The detector consisted of a proportional counter filled with argon-methane (9:1).The source was at room temperature and consisted of 1.4 GBq [
57 Co] diffused in Rh foil (WissEl, Starnberg, Germany). The spectrometer was calibrated against α-iron at room temperature (RT). For measurements at 77 K, samples were placed in a continuous-flow cryostat (Oxford Instruments). For measurements at 4.3 K and 2 K a helium bath cryostat (MD306, Oxford Instruments) was employed. Spectral data were transferred from the multi-channel analyzer to a PC for further analysis employing the Vinda program on an Excel 2003® platform. Isomer shift δ, quadrupole splitting ΔE Q , B hf and percentage of the total absorption area were obtained by least-squares fits of Lorentzian lines to the experimental spectra. All values are rounded to last given digit. The isomer shifts (δ), the quadrupole splitting (ΔE Q ), the hyperfine field (B hf ) and the line width (Γ) are given in mm·s − 1 . The low relaxation 6 S 5/2 system was simulated with a spin-Hamiltonian [35] . The relative area is given in parts per hundreds.
Bacterial growth
Utilization of tetramic acid as an iron source was measured with liquid growth assays as follows. Samples were prepared in triplicate in Falcon tubes (50 ml) containing 15 ml M9-glycerol minimal medium (0.5% glycerol): 50 μM of the appropriate complex, 500 μM 2,2-bipyridine, and 0.2% DMSO. The tubes were inoculated to OD 600 0.02 with an overnight culture of P. aeruginosa PAO6383 (ΔpvdF, ΔpchBA) grown in M9-glycerol medium. Cultures were incubated at 37°C with shaking at 250 rpm and OD 600 was recorded every 24 h for a period of 192 h [36] . Antibiotic activity of the free tetramic acid, and its Ga(III) and Fe(III) analogs were measured against the Gram negative P. aeruginosa PAO1 and Gram positive Staphylococcus aureus (ATCC25923) in liquid culture containing 100 μM of the appropriate complex and minus the 500 μM 2,2-bipyridine as described above.
C12-TA as an iron source for P. aeruginosa was also examined using agar growth assays as follows. Filter disks (6 mm) were sterilized via autoclave, loaded with 10 μl of a solution of C12-TA (500, 250, and 125, and 62.5 μM in methanol) or desferrioxamine (50 μM in water), and the filter disks were allowed to air-dry. M9-soft agar (0.6% agar, 0.5% glycerol) was sterilized via autoclave and, upon cooling to 45°C, 2,2-bipyridine was added to a final concentration of 500 μM. At this point, an overnight culture of PAO6383 grown in 4 ml LB medium was centrifuged, the cell pellet was washed 3 × with M9-glycerol medium and subsequently resuspended in 4 ml M9-glycerol medium. This suspension was used to inoculate the M9-agar, at 45°C at a dilution of 1:100. The resulting liquid was poured into Petri dishes (15 mL/dish) and allowed to solidify at room temperature. Once the agar solidified, the filter disks were placed on the surface of the agar, and the plates were incubated at 37°C and growth zones were read after 48 h [37] .
Results
Ligands
3-acyl or alkoxycarbonyl substituted tetramic acids such as 1 and 2 are expected to be relatively strong acids, the acidity of which are dependent on the nature of the substituent group [26] . Potentiometric titration of solutions of the C4 analog, 1 and the C12 analog, 2, involved single proton equilibria and gave estimated of pK a values of 2.5 and 5.0 respectively. These values were confirmed by NMR titration where plots of chemical shift vs. pH (Fig. 3) 
Complexation with Fe(III)
Mixing a solution of either 1 or 2 with one of Fe(III) at low pH gives rise to relatively intensely red brown colored solutions reminiscent of those displayed by hydroxamate siderophores [38] . The iron complex of 1 and 2 at pH of 2.5 had a λ max near 450 nm with extinction coefficients between 3500 and 4000 M − 1 cm
. The ca. 4000 M − 1 cm − 1 extinction coefficients suggest that these spectra arise from O → Fe(III) LMCT transitions. The stoichiometry of the complexes produced at low pH (ca. 2.5) was determined by the method of continuous variations (Fig. 4 ) and indicated that 3:1 (L:M) complexes were produced as expected for these potentially bidentate ligands. The 3:1 stoichiometry was further supported by ESI-MS analysis. The C4 complex showed the presence of both Fe(TA) 2 + and Fe (TA) 3 species when examined at low pH in positive ion mode (Supplementary material). The fraction of the latter species increased with increasing ligand to metal ratio. For the C12 ligand only the Fe (TA) 3 species was observed indicative of its more complete formation at this pH.
Optical spectral changes were observed when 80% MeOH/H 2 O solutions of the 3:1 complex were raised or lowered in pH indicative of the occurrence of metal complex protonation/deprotonation equilibria. As the pH is lowered from 2.5 to >1.0 the absorbance at ca. 450 nm decreased. In both cases the change in absorbance as a function of pH could be fit to a single proton protonation equilibrium assigned to the reaction:
Increasing the pH range from ca. 2.5 to 9 caused a complete bleaching of the LMCT transition for both the C4 and C12 iron complexes, the pH dependence of which could be fit to a hydrolysis of the tris complex to initially yield a species that we assign to be either a spin coupled (vide infra) μ-dihydroxy or μ-oxobridged dimer or polymer:
Non-linear least squares fits of the combined high and low pH data sets (Fig. 5 ) gave values for log K 1 and log K 2 of 4.4 and 7.92(10) for the C12 analog and 1.22(2) and 6.3(3) for the C4 complex respectively.
Cyclic voltammetry (Fig. 6 ) in water at pH 2.5 showed a quasireversible one electron Fe(III) to Fe(II) reduction wave at − 352 mv vs. SCE for Fe(1) 3 and − 329 for Fe(2) 3 . Increasing the scan rate from 100 mv/s to 1 V/s or increasing the TA/Fe ratio from 3:1 to 10:1 increased the reversibility of the cyclic voltammogram.
Mossbauer and magnetic data
For paramagnetic metal ions in general, and Fe(III) in particular, magnetic susceptibility and Mossbauer spectroscopy can yield valuable insights into coordination chemistry. Solution magnetic susceptibility data reveals that at low pH the Fe(TA) 3 complexes have the magnetic moment expected for a mononuclear high spin d 5 Fe(III) center with μ = 6.0(2) BM. However as the pH is raised the magnetic moment is seen to fall toward zero (i.e. diamagnetic) in manner paralleling the changes seen in the optical spectra over the same pH regime. We attribute this to the initial formation of a strongly spin coupled dimer (or higher order polymer). More details of this process could be gleaned from Mössbauer spectroscopy.
Samples for Mössbauer spectroscopy were prepared at pH 1.98, 3.05, 4.05, 5.80, 6.07 and 7.48. At 77 K the pH 1.98 sample represents a relaxing 6 S 5/2 system. Comparison with the same sample at 4.3 K discloses temperature dependent spin lattice relaxation due to spinorbit and orbit-phonon coupling (Fig. 7) . However there is still relaxation left at 4.3 K. We attribute this to concentration dependent spinspin relaxation caused by energy transfer of interacting spins via dipole or exchange coupling. This relaxation accounts for approximately 54% of the absorption area. The spin Hamiltonian simulation yields δ of 0.54 mm·s , a rhombicity parameter E/D = 0.33 and an asymmetry parameter η of 1. The Mössbauer analysis identifies the low pH sample as a 6 S 5/2 system consistent with the low pH susceptibility data and its formulation as mononuclear Fe(TA) 3 .
Measurements at 77 K disclose growth of a doublet species with increasing pH in the center of the spectrum. Mössbauer least squares fit analysis reveals, however, that at least two doublet species are present at pH 7. , B HF,B =46.4 T. The hyperfine fields observed at 4.3 K reflect the presence of at least two polymeric ferric oxo compounds. Therefore, a simple dimeric species can be excluded at high pH. In the pH range 3.05 through 6.7 the presence of both the polymeric and monomeric ferric iron species displays an equilibrium which is shifted with increasing pH completely into polymeric species.
Ga(III) complexation and the mode of metal ion coordination
Because of the various tautomeric equilibria (Fig. 8 ) associated with the TA structure the exact coordination mode of these ligands with iron was in doubt [39] . In solution, NMR would be the probe of choice but it is not amenable to paramagnetic Fe(III) complexes. Thus we have made use of the Ga(III) analogs. Gallium(III) is widely used as a structural probe for Fe(III) since it has approximately the same size and charge but is diamagnetic [21] . ESI-MS confirms that Ga(III) also binds to the tetramic acids with the same 3:1 stoichiometry as Fe(III) (i.e., m/z of 622 and 624 amu for the C4 and 958 and 960 amu for the C12 the 3:2 ratio reflecting the relative abundance of 69 Ga and 71 Ga (Fig. 9) ). The similar to those seen with other ligands such as siderophores [40, 41] and indicates unequivocally that the ligand is bound to Ga(III) as shown in Fig. 8a and inferentially the same for Fe(III).
Biological effects
With the interactions between TA and Fe(III) clearly delineated, a role for C12-TA in the iron acquisition of P. aeruginosa was envisaged. Toward this end, we examined the capacity of C12-TA to facilitate the growth of the siderophore-mutant P. aeruginosa strain PAO6383 (ΔpvdF, ΔpchBA) under iron limiting conditions [36] . PAO6383 was grown in both M9-glycerol medium and agar containing 500 μM 2,2′-bipyridine to create iron-deficient conditions. In the case of the liquid culture experiments, M9-glycerol medium was supplemented with 50 μM C12-TA, which did not exhibit significant growth restoration of PAO6383 after 6 days (data not shown). In a separate set of experiments, PAO6383 was grown on 0.6% agar plates containing 500 μM 2,2′-bipyridine. Filter disks containing between 500 and 62.5 μM C12-TA, as well as 50 μM desferrioxamine mesylate salt, were placed on the agar. In this case, only desferrioxamine, a fungal siderophore that may be used by P. aeruginosa [42] , was able to promote the growth of PAO6383. As such, these data indicate that C12-TA alone is not sufficient to provide P. aeruginosa with the iron required for growth.
We also verified that the free C12-TA but not its C4 analog display bacteriostatic activity against the Gram positive organism S. aureus. Since Ga(III) complexes of some siderophores have been reported to have potent antibacterial activity [41] , the possibility that the Ga(III) complex would show enhanced activity was also investigated. However examination of the activity of the Fe(III) and Ga(III) complexes against S. aureus showed little if any toxicity beyond that of the free tetramic acid, suggesting that metal complexation had no role to play in the bacteriostatic effect.
Discussion
Although tetramic acids are expected to be relatively strong acids, the two ligands we examined in detail (1 and 2) differ considerably in their relative acidity. The significantly greater acidity of 1 vs. 2 is likely the result of two factors, both of which arise from the extended alkyl chain of 2. For one, the addition of weakly electron-donating methylene groups serves to destabilize the anionic species and increase the pK a of 2. A more significant contribution likely arises from the hydrophobic nature of 2, which contributes to the increased pK a through the decreased solvation of the deprotonated species [43, 44] . A final reasoning for this observation may be the result of aggregation and molecular association of the C12-TA in solution. Recent studies have demonstrated that fatty acids, which possess the structural characteristic aliphatic chain connected to an acidic head group similar to C12-TA, exhibit increased pK a values when the carbon tail extends past C 6 . This observation is a result of the tighter intermolecular interactions via van der Waals forces, resulting in a closer proximity of both protonated and deprotonated species. As a result, the deprotonated species serve to stabilize the acid proton and increase the pK a of the solution [45, 46] . Because of the structural similarities of C12-TA to fatty acids, this phenomenon likely contributes to the significant differences in pK a between C4-and C12-TA. As originally reported the tetramic acids produced as degradation products from QS HSL do indeed bind Fe(III) with appreciable affinity (table 2). However Table 2 illustrates a number of important points. The first is that while the overall formation constants for Fe(III) complexation appear to be similar to those of known siderophores such as DFO and pyoverdin, because of the differing denticity and acidity of the ligands, they are not nearly as effective iron chelators at physiological pH, as indicated by their pM values. Secondly, since these tetramic acids are relatively strong acids, particularly as compared as compared to the very weakly acidic behavior of most of the iron binding moieties prevalent in the siderophores, they do not suffer strong competition from protons making them relatively more effective at low pH than some siderophores. However, correspondingly, because of relatively facile hydrolysis they compete rather poorly with hydroxide ion and indeed at higher pH are expected (and observed) to be unstable with respect to precipitation of Fe(OH) 3 . Finally, three of these bidentate ligands are needed to satisfy the octahedral six coordinate structure preferred by Fe(III) as compared to a single, typically hexadentate, siderophore molecule. This leads to a third power dependence on iron binding with respect to ligand concentration for the former and thus they are only effective iron chelators at relatively high concentrations. While these ligands can bind iron well under certain conditions it is important to note that the species present at near neutral and biologically relevant pH does not appear to be exclusively the expected Fe(TA) 3 complex. Indeed in the case of the C4 ligand 1 only about 7% of the total iron is expected to be present as Fe(TA) 3 at pH 7.4 while for the C12 ligand the tris complex represents approximately 75% of the total. The other species we formulate as unstable μ-dihydroxy or μ-oxobridged dimeric or higher order polymeric species which ultimately yield solid Fe(OH) 3 . It is further worth noting that for many similar ligands there is often a correlation between the LMCT band maximum or pM values with redox potential. The measured values of −352 and − 329 mv for the iron complexes of 1 and 2 are within those expected based upon such previously published correlations [47] . These modestly low redox potentials also lie well within the range accessible to biological reductants and thus iron bound to these complexes could be readily released by a reductive type mechanism. However in total, the data presented here argues against any overt iron transport role for these molecules.
If iron transport is not the major biological role for these molecules, then what is? It has been demonstrated that iron serves as a signal for biofilm formation [48] and is required for swarming in P. aeruginosa [49, 50] . Given the link between these behaviors and quorum sensing, [5, 7] coupled with the iron affinity of C12-TA and the fact that it is derived from a major autoinducer of P. aeruginosa, several plausible biological functions of C12-TA may be postulated. We have initiated studies to decipher the role of C12-TA in these processes, but a clear role for C12-TA has yet to be definitively assigned. Additionally, P. aeruginosa has been demonstrated to lyse S. aureus and gain access to its intracellular iron pools [51] . While C12-TA does not directly promote the growth of P. aeruginosa, it may also play a role in this process as C12-TA has been recently reported as an antibacterial that targets the membrane of S. aureus [23] . Thus, in light of the myriad roles of iron in the survival and pathogenesis of P. aeruginosa, the distinct biological function of TA-Fe complexes remains unresolved and is a subject of ongoing investigation in our laboratories.
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